
,q Hard copy (HC) 
I 

~ i? 
I Microfiche (M F) -7 L/( 

R. B. 
I 

I 

c /  a - 
(ACCESSION NUMBER) 

c n c  (PAGES1 

U a  S a  

TEE SURFACE ‘ENSION OF HYT).ROGEZ!4 

Stewart, F. E. E. Germam, R. D. McCarty 

DEPARTMENT O F  COMMERCE 
NATIONAL BUREAU OF STANDARDS 

BOULDER LABORATORIES 
Boulder, Colorado 1 



. .  

I 

THE NATIONAL BUREAU OF STANDARDS 

Functions and Activities 

The functions of the National Bureau of Standards are set forth in  the Act of Congreslr, March 3,1901, as 
amended by Congress in Public Law 619, 1950. These include the development and m&itenance of the na- 
tional standards of measurement and the provision of means and methods for d i n g  meaamments consistent 
with these standards; the determination of physical constants and properties of materials; the development of 
methods and instruments for testing materials, devices, and structures; advisory services to government agen- 
cies on scientific and technical pmblema; invention and development of devices to serve apecial needs of the 
Government; and the development of standard practices, codes, and specifications. The work includes basic 
and applied research, development, engineering, instrumentation, testing, evaluation, calibration services, 
and various consultation and information services. Research projects are also performed for other government 
agencies when the work relates to and supplements the basic program of the Bureau or when the Bureau’s 
unique competence is required. The scope of activities is suggested by the listing of divisions and sections 
on the inside of the back cover. 

Publica t i one 

The results of the Bureau’s research are published either in the Bureau’s own ser ies  of publications or 
in the journals of profesaional and scientific societies. The Bureau itself publishes three periodicals avail- 
able from the Goyornment Printing Office: The Journal of Research, published in four separate sections, 
presents complete scientific and technical papers; the Technical News Bulletin presents summary and pre- 
liminary reports on work in prograss; and Basic Radio Propagation Predictions provides data for determining 
the best frequencies to ume for radio communications throughout the world. There are a lso five series of non- 
periodical publications: 
and Technical Notes. 

A complete listing of the Bureau’s publications can be found i n  National Bureau of Standards Circular 
460, Publications of the National Bureau of Standards, 1901 to June 1947 (81.25), and the Supplement to Na- 
tional Bureau of Standards Circular 460, July 1947 to June 1957 (SlSO), and Miscellaneous Publication 240, 
July 1957 to June 1960 (Includes Titles of Papers Published in  Outside Journals 1950 to 1959) (82.25); avail- 
able from the Superintendent of Documents, Government Printing Office, Washington 25, D. C. 

Monographs, Applied Mathematics Series, Handbooks, Miscellaneous Publications, 
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TBE SURFACE TENSION OF HYDROGEN 

by 

R. B. Stewart, F. E. E. Germann and R. D. McCarty 

ABSTRACT , 3 @  
This preliminary report presents values of surface tension 

for normal hydrogen and parahydrogen for temperatures from 14" to 
33°K. The basis for the calculation of these data is provided by 
a correlation of reduced surface tension data for helium-3, helium-4, 
normal hydrogen, and normal deuterium with reduced temperatures, and 
by the selection of a suitable relation for the variation of surface 
tension with temperature. 
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THE SURFACE TENSION OF HYDROGEN1 

R. B. Stewart, F. E. E. Gemnn and R.  D. McCarty 

Introduction This report  on t h e  surface tension of hydrogen 

i s  issued as a preliminary report  on a study of the experimental 

data f o r  ten  cryogenic fluids2. 

a basis f o r  the  selection of the most probable values fo r  the 

surface tension data reported in the l i t e ra ture .  

mental data a re  l imited t o  values for narrow ranges of temperatures, 

a functional re la t ion  was selected for the interpolation o r  extrapo- 

l a t ion  of the data t o  wider ranges of temperatwe. 

me study was undertaken t o  provide 

Where the experi- 

Summary of the,Literature on t he  Data f o r  Hydrogen. The 

l i t e r a t u r e  on the surface tension of hydrogen i s  not c lear ly  de- 

f in i t i ve .  

Table I and include eigh3 values reported by Onnes and Kuypers [lI3 
and two  additional vduds by vah It terbeek [2 ] .  

l imited t o  temperatures between the t r i p l e  point and the normal boil- 
ing point.  The values reported by Onnes and Kuypers were subsequent- 

l y  corrected i n  a paper by van Urk, Keesom and OMes [SI on the basis  
t ha t  the assumption of a c i rcular  meniscus made by Onnes and Kuy-pers 
was not as  accurate as a graphical method by Verschaffelt C4], fo r  

determining the height of the meniscus. 

surface tension of l iquid hydrogen a t  two temperatures as  a pre- 

liminary t o  h i s  work on the surface tension of deuterium; he compared 

these values with the data as reportedby Oms and Kuy-pers and 

The experir;;ental data f o r  normal hydrogen are  l i s t e d  in 

All of the  data are 

Van It terbeek measured the 

A report  on the surface tension of additional cryogenic fluids 
w i l l  be published a t  a l a t e r  date. 

The surface tension of the following f lu ids  were included: 
helium-3, helium-4, hydrogen, deuterium, neon, nitrogen, oxygen, 
carbon monoxide, argon, and methane. 

Numbers in brackets designate references i n  the bibliography a t  
t h e  end of the paper. 
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obtained satisfactory agreement. 

of the meniscus and found a large variation between his experimental 

values and the height as calculated from the Verschaffelt tables. 

Van Itterbeek measured the height 

Because of the limited quantity of data and the lack of 
precision in the data, the evidence f o r  the selection of the most 
probable values is inconclusive wben comparisons are restricted to 
the hydrogen data alone. Therefore, in the absence of new experi- 

mental measurements, an additional basis for the selection of 
"best values" for the hydrogen data is provided by a comparison of 

the surface tension data for similar fluids. 

Table I Surface Tension Data for Normal Hydrogen 

Temperature Surface Tension Data Source 
( OK) (dynes/cm) 

20.40 
20.395 
20 -39 
18.70 
17 99 
16.16 
14.685 
14.66 
20.40 
18.70 
17.99 
16.16 
14.68 
20.32 
17 * 72 

2.126 
2.127 
2.130 
2.438 
2 575 
2 * 919 
3.167 
3.182 
1.910 
2.1945 
2 -31.95 
2.631 
2.860 
2.19 
2.66 

Onnes and 
Kuypers 1111 

van Urk, 
Keesom and 
W e s  [3 1 

van Itterbeek 
12 1 

Correlation of the Data for Surface Tension. A relation for 
the surface tension of fluids with simple molecules has been given as 

7 
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where y = surface tension, T = temperature, yo and n are constants, 
and T, is the critical temperature. 
that a value of n = 11/9 is adequate for neon, argon, nitrogen, and 

oxygen. Using this equation to represent the data for surface 

tension as a function of saturation temperature, values of n were 
determined by a least squares fit for the data of the several fluids 

included in this study. The results indicate a value of n = 1.0 to 

be satisfactory for helium-3, helium-4, hydrogen, and deuterium, 

while Guggenheim' s value of approximately 11/9 was confirmed f o r  

neon, nitrogen, oxygen, carbon monoxide, argon, and methane. The 

values of n as determined from a least squares fit of the experi- 
mental data for helium-3, helium-4, hydrogen, and deuterium are 

listed in Table 11. In subsequent calculations, however, the value 
n = 1.0 was used for these fluids. 

,3 
Guggenheim [51 demonstrated 

Table I1 Values of the Exponent n in Equation (1) from 
a Least squares Fit of the Experimental Data 

Fluid Experimenter 

helium-3 Lovejoy [6] 
Zinov eva ['I I 
Esel'son and Bereznyak [8] 

van Urk Keesom and Onnes [31 

van Itterbeek [2] (2 points) 
van Urk Keesom and Onnes [ 3 ]  
(using data from [l]) 

helium- 4 Allen and Misener 191 

normal hydrogen Onnes and Kuypers [11 

normal deuterium van Itterbeek ['2] 

n 
1.124 
0.992 
1.044 
1.016 
1.057 
1.087 
1.057 
1.098 

0.958 

In evaluating the surface tension data for hydrogen, the 
data were further compared by the theory of corresponding states to 

the data for helium-3, helium-4, and deuterium. 

suggestion of deher and Bird [lo], the reduced surface tension was 

defined according to the theory of corresponding states for  quantum 

mechanics, with the use of molecular parameters to account for 

Following the 

8 



4 
quantum effects which are particularly prominent in the surface 

tension of helium and hydrogen. 
tension and temperature are, 7* = 7 0 2 / c  and T* = kT/E respectively, 

where E: and 0 are parameters for intermolecular potential functions 

and k is the Boltzmann constant. 
Table 111. 

The reduced values of surface 

The values used are listed in 

Table I11 Parameters for Reduced Temperature 
and Reduced Surface Tension* 

Fluid E (ergs) u (fw 
helium-3 14.11 x lo-= 2.556 

normal hydrogen 48.60 x 2 * 952 
helium- 4 14.11 x 2.556 

normal deuterium 50.70 x 2.958 
[k = 1.3804 x ergs/'K] 

* According to the theory of corresponding states for 
quantum mechanics 

Equation (1) for the theory of corresponding states in quantum 

mechanics, with n = 1, becomes 

7* = 7z(l - T*/T$). ( 2 )  

The coefficient 7* in (2) for reduced surface tension may 
0 

be roughly approximated as a function of the reduced critical temper- 
ature, TZ, by an empirical relation, 7* = A(T;)', as illustrated in 

Fig .  1. 
where n = 1.0, indicated a best fit .with A = 1.1706 and p = 2.102, 
whereas for fluids where n = "/g, A = 1.0 and p = 4.0. 
proximation is not sufficient for the calculation of surface tension; 
however, the quantitative values for A and p do serve to illustrate 
further the differences in the characteristics of helium and hydrogen 
and their isotopes as compared to the other fluids. In addition, it 

was concluded that data for hydrogen, like helium, will extend along 
a straight line to the critical point. 

0 
A least squares fit of the values of 7* for the four fluids, 

0 

This ap- 

9 
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Fig. 1 Surface Tension Coefficients for Equation (2) 
for He-3, He-4, &, and D2 

Evaluation of the Surface Tension Data. As a result of the 

correlation illustrated in Fig. 1, the data selected as the "best 

values" for the four fluids were the data from the references listed 

in Table IV. These data are illustrated in Fig. 2 on reduced 

coordinates and are compared to the values calculated by (1) with 

n = 1 as represented by the straight line. The coefficients used 
for this calculation are listed in Table IV together with a summary 
of the deviations of the calculated surface tension from the 

experimental data selected for each fluid. 

Table IV Summary of the Selected Data for Surface Tension 

Average Deviation of 
Selected Data 

Bibliography T, YO Fluid 
Reference of ( O K )  (dynes/cm) 
Selected Data from Equation (1) 

Helium-3 [ T I  [81 3.33 0.2185 1.21% 
He1 ium- 4 [31 5.20 0.5308 2.59% 

Normal Deuterium [21 38.26 7.9653 0.37% 
Normal Hydrogen [11 [21 33.19 5.6359 1.18% 
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Equation (1) with n = 1 was used for the calculation of the 
smoothed values of suryace tension for hydrogen tabulated in Table V 

from the lower temperature limit of the data to the critical point. 

It should be noted that the lowest temperature for which experi- 
mental data are available for hydrogen is close to the triple point 

and that the surface tension continues to be linearly dependent on 

temperature to this value. In the case of helium, however, the 

surface tension ceases to be linearly dependent on temperature at 

lower temperatures. 

The smoothed values for parahydrogen in Table V were calcu- 
lated, assuming 7, to be the same as for normal hydrogen. 

I 

REDUCED TEMPERATURE, T / T c =  T"/Tc* 

-1 

Fig. 2 Selected Data for Surface Tension for He-3, He-4, H2, D2 
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Table V Surface Tension of Normal Hydrogen and Parahydrogen 
[according to the equation 7 = 5.6359 (1 - T/TC)lt 

---I_ -_. ..----I. --.-_ . - - .- ._. -._---I _- 

Temperature 
( OK) 

14 

15 
16 
17 
18 
19 
20 

21 
22 

23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

3 -259 
3 0089 
2.919 
2.749 
2 * 579 
2.410 

2.240 

2.070 

1.900 

1.561 
1.391 

1.051 

0.711 

1 730 

1.221 

0.881 

0.542 

0 -3'72 
0.202 

0.032 

3.244 
3 -073 
2. go2 

2.731 
2.560 
2.389 
2.219 

1.877 
1.706 
1 535 
1.364 
1 * 193 
1.022 

0.852 
0.681 
0.510 

0 -339 
0.168 

2.048 

- 

t = 5.6359 was determined from the data by [l] [2]; 
for normal hydrogen, Tc = 33.19'K, 
for parahydrogen, T, = 32.98"K. 
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